Abstract: Heavy metal contamination of soil, aqueous waste stream and ground water causes major environmental and human health problems. Heavy metals are major environmental pollutants when they are present in high concentration in soil and show potential toxic effects on growth and development in plants. Due to unabated, indiscriminate and uncontrolled discharge of hazardous chemicals including heavy metals into the environment, plant continuously have to face various environmental constraints. In plants, seed germination is the first exchange interface with the surrounding medium and has been considered as highly sensitive to environmental changes. One of the crucial events during seed germination entails mobilization of seed reserves which is indispensable for the growth of embryonic axis. But, metabolic alterations by heavy metal exposure are known to depress the mobilization and utilization of reserve food by affecting the activity of hydrolytic enzymes. Some plants possess a range of potential mechanisms that may be involved in the detoxification of heavy metals by which they manage to survive under metal stress. High tolerance to heavy metal toxicity could rely either on reduced uptake or increase planned internal sequestration which is manifested by an interaction between a genotype and its environment. Such mechanism involves the binding of heavy metals to cell wall, immobilization, exclusion of the plasma membrane, efflux of these toxic metal ions, reduction of heavy metal transport, compartmentalization and metal chelation by tonoplast located transporters and expression of more general stress response mechanisms such as stress proteins. It is important to understand the toxicity response of plant to heavy metals so that we can utilize appropriate plant species in the rehabilitation of contaminated areas. Therefore, in the present review attempts have been made to evaluate the effects of increasing level of heavy metal in soils on the key behavior of hydrolytic and nitrogen assimilation enzymes. Additionally, it also provides a broad overview of the strategies adopted by plants against heavy metal stress.
Introduction
Heavy metal contamination of the environment is currently a global problem threatening the health of vegetation, wildlife and human beings. Visible symptoms of metal toxicity stress in plants are an expression of preceding metal induced alterations at the structural and ultrastructural level. These changes at the cell, tissue and organ level inturn are either the result of a direct interaction of the toxic metals with structural components at these sites or a more direct consequence of changes in signal transduction and/or metabolism.
One of the most fascinating and yet least understood aspects of seed physiology is the extensive reversals in metabolism which ultimately takes place in the nutrient storage tissue after development has been completed. Cells have been factories for carbohydrates, lipid and protein production but during embryogenesis cells become the sites of hydrolysis of complex biomolecules which is followed by translocation of food reserves to the growing embryonic axis. This is achieved through hormonal control mechanism which increases the activity of proteolytic enzymes, starch degrading enzymes, nucleases, phytase etc. at the appropriate time (Mayer & Polijakoff-Mayber 1975) . Decreased hydrolysis of endospermic reserves due to a decline in the activities of hydrolytic enzymes followed by delayed transportation of mobilized reserves from endosperm to embryonic axes are the key factors responsible for decreased germination of seeds and decreased seedling growth under various stressful conditions including metal toxicity (Mihoub et al. 2005; Kuriakose & Prasad 2008) .For instance nickel treatment in Oryza sativa L. Malvia-36 and Pant-12 caused delay in mobilization of protein reserves from endosperms due to inhibition of protease activity (Maheshwari & Dubey 2007) .
Toxic heavy metals (Cd, Cr, Ni, Hg etc.) find their ways into environment through variety of sources such as metal smelters, industrial effluents including uses of fertilizers and pesticides etc (Davis et al. 2001) . They are present in the soils as trace metal ions, soluble metal complexes (sequestered to ligands), exchangeable 196 R. Solanki & R. Dhankhar metal ions, organically bound metals, precipitated or inorganic compounds such as oxides, carbonates and hydroxides or they may constitute a part of the structure of silicate materials (indigenous soil content) (Leyval et al. 1997) . Heavy metals are non-biodegradable and these metals change the biological structure and system into flexible and irreversible conformation leading to deformity in the body or finally death (Kudesia 1980; Dovgulyuk et al. 2001; Patra & Sharma 2002; Kumar & Kesarwani 2004) . Many researchers have observed the cytogenetic effects of heavy metals in plants. Heavy metals hamper the growth of plants by disturbing many biochemical, physiological and metabolic processes. They trigger changes at the transcript level of numerous genes coding for proteins to have protective changes against damage caused by stress (Nishizono et al. 1989; Steffens 1990; Zhou & Goldsbrough 1994; Didierjean et al. 1996; .
Based on the chemical and physical properties of metals three different molecular mechanism of heavy metal toxicity in plants can be distinguished: (a) production of reactive oxygen species (ROS) by autooxidation and Fenton reaction (b) blocking of essential functional groups in biomolecules (c) displacement of essential metal ions from biomolecules (Schützendübel & Polle 2002) . Chromium accumulation in O. tenuiflorium leads to malondialdehyde production (a cytotoxic product of lipid peroxidation) through excessive generation of free radicals (Rai et al. 2004) . Early studies showed that copper can interact with a wide range of physiological and biochemical processes in plant species (Jouili & Ezzedine 2003; Draobzkiewicz et al. 2004) by increasing the production of reactive oxygen species and free radicals. These substances can inturn damage cell membranes by binding to the sulphydryl groups of membrane proteins or by increasing rates of lipid peroxidation (Liu et al. 2004) .
Decline in seed viability, whether by natural or artificial aging has long been associated with the damage to nucleic acids and membranes (Berjak & Villiers 1972; Villiers 1973; Simola 1976; Osborne 1980; Robert & Ellis 1982) . For instance nickel suppresses the hydrolysis of RNA and Proteins by inhibiting the activity of RNase and protease respectively (Maheshwari & Dubey 2007) . Damage to nucleic acids and membrane intuitively suggests the action of activated oxygen species which has been explored in the reviews on seeds by Wilson & Mc Donald (1986) and Ponquett et al. (1992) . The enzymatic activities controlling free radical reactions rapidly decline and therefore random transformations of antioxidant systems as well as lipids and nucleic acids will get increase as part of the inexorable positive changes in entropy that follow death of the cell.
An important mechanism of heavy metal toxicity is their ability to bind strongly to oxygen, nitrogen and sulphur atom (Nieboer & Richardson 1980 (Wildner & Henkel 1979; Van Assche & Clijsters 1986) . Heavy metal generally causes mutations or cell death in plants and severe health hazards in human beings through food chain. So, it is important to ascertain the possible effects of heavy metal stress on biochemical reserves and mechanisms of tolerance and detoxification of heavy metals in plants, which has been discussed below.
Carbohydrates
Sugars are considered important metabolites in plant metabolism not only because it is the first complex organic compounds formed in the plant as a result of photosynthesis, but it also provide a major source of respiratory energy. Sugars play a number of ecological roles in plant protection against wounds and infection as well as in the detoxification of foreign substances (Sativir et al. 2000) . Contents of soluble carbohydrates generally decline with the aging of seeds (Petruzelli & Taranto 1989; . Depletion of disaccharides may lessen the protective effects of sugars on structural integrity of membrane in the plant cell. (Crowe et al. 1984) .
A number of enzymes are potentially capable of contributing to starch breakdown-α-amylase, β-amylase, α-glucosidase, oligo-1,6-glucosidase and starch phosphorylase. They have been studied particularly in seeds where they are responsible for breakdown of polysaccharides reserve. Heavy metals have inhibitory effect on α and β-amylase during germination. Hopkin (1999) reported that the moderate levels of heavy metals generally play an important role in plant growth and productivity. They act as activators or co-factors in all vital processes but relatively elevated level of heavy metals induced harmful effects on all physiological processes of plants (Bonet et al. 2000; Saleh & AbdelKader 2000) .
Low concentration of copper treatments exhibits an increase in the total carbohydrates values in seedlings and reverse was true at high concentration (Deef 2007 ). Amylase activity showed lower level in plants with increase in concentration of heavy metals (Devi et al. 2007; Gopal et al. 2008) . So, it results in accumulation of soluble saccharides and polysaccharides content in seeds due to their negative effect on amylase activity. Cu and Mn treated seedlings of Maize showed inhibited amylase activity which might be due to enhanced peroxidant status (Dasgupta & Mukherjee 1977; Ahmed & Trifu 1980) . Heavy metal stress affects the enzyme activity by reducing the antioxidant glutathione pool and affecting the iron mediated defence processes (Pinto et al. 2003) . Cadmium toxicity greatly impaired not only the breakdown of soluble sugars but also the translocation of soluble sugars to the growing embryonic axis (Kuriakose & Prasad 2008) . Cadmium cause significant restriction in reserve mobilization such as soluble sugars and amino acids in pea seeds. The prejudicial disorder in reserve mobilization can be accentuated by cadmium induced nutrient leakage in germination medium (Mihoub et al. 2005) . This harmful effect might be due to one or more of several factors including impairment of membrane integrity with loss of essential nutrients (Powell & Raymond 1981) . Thus, heavy metal stress can operate in more ways than one with regard to germinative metabolism (Chugh & Sawhney 1996; Bansal et al. 2002; Mihoub et al. 2005 ).
Proteins
The mobilization of storage proteins is one of the most important post-germinative events in the growth and development of seedling. During germination period, the storage proteins are degraded by a variety of proteases which convert the insoluble storage proteins into soluble peptides and free amino acids. These are mobilized to the embryonic axis to support its growth and also provide energy by oxidation of the carbon skeleton after deamination (Mayer & Poljakolf Mayber 1982; Wilson 1986; Fincher 1989; Bewley & Black 1994; Okamato & Minamikawa 1998; Muntz et al. 2001; Schlereth et al. 2001) . These protein reserves are depleted and nitrogen accumulates in the developing axis. The transfer of nitrogen is apparently achieved by the release of amino acids from the reserve protein by hydrolysis and their subsequent translocation to the developing axis. Protease activities are not constant; sometime increases or decreases and resulting in changes in intracellular proteolysis. Increase in proteolytic activity with concomitant reserve protein depletion agrees with the findings of earlier studies in other legume seeds: Phaseolus vulgaris (Taneyama et al. 1996) , Lupinus albus (Ferreira et al. 1995) , Vicia sativa and Macrotyloma uniflorum (Karunagaram & Ramakrishna Rao 1990; Rajeshwari & Ramakrishna Rao 2002) .
Plant proteolytic system includes proteases mainly localized inside the organelles and the ubiquitin proteosome pathway present in both the cytoplasm and the nucleus (Pena et al. 2008) . Heavy metals effect on proteolytic system cannot be generalized, however, impairment of proteosome functionality and decreased protease activities seems to be a common feature involved in metal toxicity in plants (Pena et al. 2008; Mishra & Dubey 2006) . Zn causes the decline in protein content and the corresponding rise in the activity of hydrolytic enzymes such as protease due to heavy metal stress and this observation strongly suggests the catabolic activities. It is likely that heavy metal stress induces senescence through enhancement of catabolism of key metabolites such as chlorophyll, protein and RNA (Khudsar et al. 2004) .
Decline in protein level may be a consequence of decrease in Nitrate reductase activity because this enzyme is believed to be rate limiting in the overall assimilation of nitrate (Beevers & Hageman 1969) consequently affecting total protein and growth of plants. It is also likely that heavy metals induced lipid peroxidation in plants and fragmentation of proteins due to toxic effects of reactive oxygen species led to reduced protein content (Davies 1987) . It is because the functionality of proteins can be affected by reactive oxygen species either by oxidation of amino acid side-chains or by secondary reactions with aldehydic products of lipid peroxidation (Reinhackal et al. 1998 ). Zn and Pb reduced the protein content in Vicia faba L. (Sinhal 2007) . Chettri et al. (2004) reported that when heavy metal toxicity crosses the threshold limit, the protein level decreases and this might be due to the breakdown of protein synthesis mechanism at toxic concentration level of heavy metals or due to reduced incorporation of free amino acid into protein. Protein and sugar content showed a decreasing trend with increase in Zn concentration in V. mungo (Pavadi 2004 ).
Phosphorus
Phosphorus is an essential nutrient for plants and an important component in cell metabolism. It has a vital functional role in energy transfer and acts as modulator of enzyme activity and gene transcription; hence its assimilation, storage and metabolism are of major importance to plant growth and development (Duff et al. 1994) . Phytate is the main storage form of phosphorus (P) in cereal grains and legumes and is a complex salt of calcium or magnesium with myo-inositol (1, 2, 3, 4, 5 and 6 hexakis dihydrogen phosphates). Hydrolytic breakdown of phosphate ester is brought about by phosphatases (Vincent et al. 1992) . Phosphatases catalyze reactions that results in the liberation of inorganic phosphorus (Pi) from various substrates in a thermodynamically favourable process which occurs in both acidic and alkaline medium (Barret-Lennard et al. 1982) . Acid phosphatases (EC 3.1.3.2) catalyze nonspecific hydrolysis of inorganic phosphate from phosphate monoesters in pH ranges from 4 to 6, plays a major role in the supply and metabolism of phosphate in plants (Tabaldi et al. 2007) . Similarly, alkaline phosphatases (EC 3.1.3.1) have a potential role in utilization of phosphomonoesters as a source of inorganic phosphorus required for maintenance of cellular metabolism (Orhanovic & Pavela-Vrancic 2000) . Inorganic phosphatases (EC 3.6.1.1) catalyze pyrophosphate hydrolysis and synthesis and enrich the phosphate pool in plants by hydrolyzing inorganic pyrophosphate to two molecules of inorganic phosphate (Cooperman 1982; Beknazarov & Valikhanov 2007) .
Stressful conditions of the environment adversely affect phosphorus nutrition and its metabolism in plants. Activities of the phosphorolytic enzymes acid phosphatase, alkaline phosphatase and ATPase show significant alteration in plants exposed to abiotic stressful conditions of the environment such as soil salinity (Ehsanpour & Amini 2003) , osmotic stress (SzaboNagy et al. 1992) excess of heavy metals (Shah & Dubey 1998) etc. In plant roots acid phosphatases seem to be involved in the solubilization of macromolecular organic phosphates in soils which can then be utilized by plants (Panara et al. 1990) . From seed and seedlings, the physiological function of the acid phosphatases is to provide inorganic phosphate to the growing plant during germination and many different phosphate esters of sugars and substrate stored in the seed and seedling need to be hydrolyzed during germination and growth (Gahan & Mclean 1969; Schultz & Jensen 1981; Akiyama & Suzuki 1981; Hoehamer et al. 2005) . Alteration in the activity of acid phosphatase in plants has been observed under toxic conditions due to various heavy metals (Shah & Dubey 1998; Sharma & Dubey 2005) . Zinc is a more potent inhibitor of acid phosphatase in cucumber than mercury (Tabaldi et al. 2007) . A number of metal ions are known to serve either as activators (Yupsanis et al. 1993) or inhibitors (Guo & Pesacreta 1997; Tabaldi et al. 2007 ) for acid phosphatase activity. It is noteworthy that alkaline phosphatase is also inhibited by higher concentrations of the metals Zn 2+ , Cd 2+ , Cu 2+ , Hg 2+ , Mo 6+ (Carpene & Wynne 1986; Angosto & Matilla 1990) . One possible reason for metal induced inhibition of alkaline phosphatase is change in enzyme conformation and consequently inhibition of the enzymatic activity (Price & Morel 1990 ).
Nitrogen assimilation
Nitrate reductase (NR) is a key enzyme of nitrogen metabolism. It catalyses the first step in the assimilatory reduction of nitrate into ammonia which reduces nitrate to nitrite. Nitrate reductase (EC 1.6.6.1) is an SH-enzyme sensitive to oxidative environments. The relation among heavy metals, active oxygen species and nitrate reductase activities are of great interest (Luna et al. 1997) . Inhibition of nitrate reductase activity by heavy metal stress has been reported in higher plants (Smarelli et al. 1983 ). Gautam et al. (2008) observed that nitrate reductase enzyme is much more sensitive to heavy metal pollution than other components of nitrate assimilation such as protein and organic nitrogen content. The inhibition of nitrate reductase activity by heavy metals has already been reported in bean and other plant species by several authors (Mathys 1975; Chugh et al. 1992; Quariti et al. 1997; Boussama et al. 1999) . The reduction in water uptake in the presence of heavy metals is likely to result in a decrease of nitrate concentration in the xylem flux which depends on the transpiration rate (Barthes et al. 1996) and therefore, a decrease of the cytosolic nitrate concentration in both root and leaf cells. The decrease in nitrate reductase activity in heavy metal treated plants could also reflect a decrease in photosynthesis because sugars are essential for nitrate reductase expression (Campbell 1999; Kaiser et al. 1999) . The decline in the activities of nitrate reductase and nitrite reductase is likely to be the consequence of a direct interaction between the metal and -SH group at the active site of the enzymes.
Cadmium inhibits NR activity (Nussbaum et al. 1988; Ferretti et al. 1993; Shintinawy & Ansary 2000) . Decrease in NR activity induced by cadmium is connected with inhibition of NO 3 uptake and translocation in bean, tomato (Quariti et al. 1997 ) and peas (Hernán-dez et al. 1997) . Chromium toxicity resulted in the reduction of nitrate reductase activity through impaired substrate utilization (Rai et al. 2004 ). Luna et al. (2000) studied the in vivo effect of zinc on nitrate reductase activity and noticed that the effect of zinc depends on its penetration inside the leaf tissues and it is a direct consequence of zinc induced increase of active oxygen which oxidizes the enzyme. Additionally, it causes the activation of some inhibition proteins. When plants are exposed to zinc levels nitrate assimilation decreases as a consequence of a direct inhibitory effect of the metal on nitrate reductase because it reacts preferably with carboxyl groups of the enzyme (Vallee & Ulmer 1972) .
A decrease in the leaf nitrate reductase activity under heavy metal stress may be attributed to the restricted translocation of the substrate to the site of enzyme action (Bharti & Singh 1993) . Inhibition of in vivo nitrate reductase activity at higher metal ion concentration could be due to a disorganization of chloroplast (Rebechini & Hanzely 1974) or lesser NO 3 supply at the site of enzyme synthesis because of water stress created by the metal ions. Reduction in enzyme activity may be the direct effect of heavy metal ions on the enzyme as it has a strong affinity for the functional -SH group of the enzyme (Prasad & Prasad 1987; Sinha et al. 1988 ).
Tolerance and detoxification of metal ions
Plants growing under field conditions are exposed to various environmental factors which constitute their macro and micro environment. Any deviation in these factors from their optimum levels is deleterious to plant growth and leads to stress. Elevated contents of both essential and non-essential heavy metals lead to toxicity symptoms and growth inhibition in plants. It occurs due to a number of factors like binding of heavy metals to -SH group of proteins resulting in inhibition of their activities or disruption of structures (Shah & Dubey 1998) , displacement of an essential element resulting in deficiency effects (Van Assche & Clijster 1990 ) and stimulation of the formation of free radicals and reactive oxygen species causing oxidative stress (Dietz et al. 1999; Shah et al. 2001 ). Plants show a great ability to adapt their metabolism to rapid changes in the environment. For this purpose they are equipped with complex processes such as perception, transduction and transmission of stress stimuli. Different species may have evolved different mechanism to tolerate excess metals ions and even with in the one plant species more than one mechanism could be in operation (Reichmann 2002) . The tolerance to heavy metals in plant may be defined as the ability to survive in the soil that is toxic to plant and is manifested by an interaction between a genotype and its environment (McNair et al. 2000) . Plant tolerance to heavy metals can be achieved by different strategies (Baker 1987; Sanitá di Toppi & Gabbrielli 1999; Hall 2002 ). So, depending on plant species, metal tolerance may result from basic strategies: Metal exclusion and Metal accumulation (Baker 1987) . To protect themselves from metal poisoning plants have developed a mechanism by which heavy metal entering the cytosol of the cell is either immediately excluded or complexed and inactivated. Thus, preventing the metal ions from inactivating catalytically active or structural proteins by adapting mechanism that may also be involved in the general homeostasis of essential mineral ions and their tolerance (Shah & Nongkynrih 2007) . Plants with exclusion strategy can avoid excessive metal ion uptake and restrict its transport from roots to shoots. Some tolerant plants can hold heavy metals ions in the cell walls (Ramos et al. 2002; Zornoza et al. 2002; Lou et al. 2004; Wójcik et al. 2005) by reducing the formation of heavy metal complex with large mass molecules in plant cell plasma. In an investigation into the role of Ni-chelating excudates in Ni hyperaccumulating plants it was observed that the Ni-chelating histidine and citrate accumulated in the root excudates of non-hyperaccumulating plants and thus could help to reduce Ni uptake and so play a role in a Ni-detoxification strategy (Salt et al. 2000) . The first structure of living cells exposed to heavy metal is the plasma membrane which functions as a barrier for their movement into the cytoplasm. Significant proportions of metal accumulate at the cell wall -plasma membrane interface and it has been hypothesized that this could be the site of metal tolerance. Minuartia verna sp. hercynica growing on heavy metal contaminated medieval mine dumps has been found to have high concentrations of Fe, Cu, Zn and Pb associated with Si contained in the cell walls (Neumann et al. 1997 ). An alternative strategy for controlling intracellular metal levels at the plasma membrane involves the active efflux of metal ions although there is very little direct evidence for such a process in plant system. Damage to cell membrane monitored by ion leakage was the primary cause of Copper toxicity in roots of Silene vulgaris (De Vos et al. 1991) , Mimulus guttatus (Strange & Macnair 1991) and Triticum aestivum (Quartacci et al. 2001 ). The cadmium resistance in both Brassica chinensis L. and Brassica pekinensis (Lour.) Ropr. is based on an exclusion mechanism in which the roots accumulate the metal ions and then prevent the cadmium translocation to the shoot (Liu et al. 2007 ). Similar results have been reported for many other plant species (Ramos et al. 2002; Zornoza et al. 2002; Stolt et al. 2003) . Further, harmful heavy metal action in plants is due to the generation of reactive oxygen species and induction of oxidative stress. Oxidative stress is expressed by increase in the content of reactive oxygen species such as singlet oxygen ( 1 O 2 ), superoxide radical (O − 2 ), hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (OH − ) over control level during plant growth (Salin 1988) . Metal stress can induce lipid peroxidation by the generation of free radicals (Devi & Prasad 1999) . Modifications of lipid composition alter the plasma membrane structure and function. All these events result in an increase of a non-specific membrane permeability and the parallel decrease of specific transporting activities which disrupt the ionic homeostasis and subsequently the activities of many enzymes which are crucial for the basic cell metabolism (Kerkeb et al. 2001) . Plants respond to oxidative stress by distinct antioxidative defence mechanisms. The key component includes enzymatic and non-enzymatic antioxidants. The enzymatic components include superoxide dimutase (SOD), catalase (CAT), peroxidase and enzymes of ascorbate glutathione cycle (Bowler et al. 1994) . Non-enzymatic antioxidants present in the cell are ascorbate and glutathione which help in removal of reactive oxygen species in plant cells and this way reduce the accumulation of free radicals (Noctor & Foyer 1998) . These antioxidants are responsible for removal and destruction of the reactive oxygen species. Plants could precipitate metals by increasing the pH of rhizosphere or by excreting anions such as phosphate. It is becoming apparent that pH may play a minor role but it is unlikely to be a major tolerance mechanism (Taylor 1991) . Some plants are able to grow on metalliferous soil and have developed their ability to accumulate massive amounts of indigenous metals in their tissue without exhibiting symptoms of toxicity (Entry et al. 1999 ). An active detoxification mechanism developed by plants to avoid heavy metal poisoning involves intracellular sequestration of metal ions (Liu et al. 2007) .
In plants the principal classes of metal chelators include -phytochelatins, metallothioneins, organic acids and amino acids. Phytochelatins are small metal-binding peptides found in plant system (Grill et al. 1986a , Mehra & Winge 1988 Meuwly et al. 1995; Klapheck et al. 1994; . Phytochelatins are synthesized from the tripeptide glutathione (Glu-Cys-Gly) (Grill et al. 1989; Rauser 1995; Hall 2002) . Chelation process is simply defined as process by which a molecule encircles and binds (attaches) to the metal and removes it from the medium. It occurs mainly through metal binding proteins such as metallotheioneins and polyhistidines (Mejre & Bulow 2001) . Phytochelatins get accumulate in the vacuoles of plants exposed to excess heavy metals and these are considered to be the indicators of heavy metal stress. Phytochelatin-metal complexes are actively transported into plant vacuoles by a group of organic solute transporters (Salt & Rauser 1995) . It has been suggested that phytochelatins plays a constitutive role in plant for heavy metal tolerance (Meharg 1994; Zenk 1996) . Exposure of N. tubacum seedlings to cadmium resulted in the production of phytochelatins (Vogeli-Lange & Wagner 1990). Zea mays have been found to have phytochelatins which bind to excess Cu and Cd (Galli et al. 1996) . Exposure to heavy metals initially resulted in a severe depletion of glutathione stimulating hormone (Grill et al. 1987; Schützendübel et al. 2001; Xiang & Oliver 1998; Rao & Sresty 2000) . Glutathione is required for the synthesis of phytochelatins and heavy metal stress cause an increase in consumption of glutathione for phytochelatin production (Zenk 1996; Mehra & Tripathi 1999) . Rubia tinctorum root cultures upon exposure to a number of metals including zinc, cadmium and copper showed inhibition of phytochelatin synthesis though phytochelatin production was observed in control plants (Maitani et al. 1996) . Phytochelatins formation is catalysed by phytochelatin synthase (PCS), a constitutive enzyme requiring post-translational activation by heavy metals and/or metalloids in particular Cd, Ag, Pb, Cu, Hg, Zn, Sn, As and Au both in vivo and vitro (Grill et al. 1987; Grill et al. 1989 , De Knecht et al. 1995 Klapheck et al. 1995; Wojcik & Tukiendorf 2005) .
Plant systems also have genes that encode metallothioneins. Metallothioneins are a group of low molecular mass, cystein rich, metal binding proteins (Robinson & Jackson 1986; Tomsett & Thurman 1988) . A cystein rich, low molecular weight Cu-binding protein found in Agrostis gigantea was given as evidence for the role of metallotheoneins in plant metal tolerance (Rauser 1984) . More than 50 MTs are reported in different plants (Cobbet & Goldsbrough 2002) . In Arabidopsis, three main types of metallothionein genes have been identified in vegetative tissues; MT1, MT2 and MT3 ) and the expression of one of these genes (MT2) was related to Cu tolerance in seedlings (Murphy & Taiz 1995 . In a number of thorough genetic studies the adaptive metal tolerance has been shown to be governed by a small number of major genes (Mc Nair 1993; Mc Nair et al. 2000 , Schat et al. 2002 . A genetic analysis of copper tolerance with Cu-tolerent and susceptible lines of Mimulus guttatus showed that a modifier gene that is active only in the presence of tolerance gene is responsible for the difference in Cu-tolerance in this species (Smith & Mc Nair 1998) . Perhaps, it is this adaptive metal tolerance that gears a plant species for hyperaccumulation. The role of MTs in heavy metal detoxification in plants remains to be established (Zhou & Goldsbrough 1994; Zenk 1996; Giritch et al. 1998; Schat et al. 2000) . However, it has been reported that MT2 mRNA was strongly induced in Arabdopsis seedlings by copper, but only slightly by cadmium and zinc (Zhou & Goldsbrough 1994) .
Organic acids and amino acids are suggestive potential ligands for chelation, owing to the capacity of metal ions to react with S, N and O. Citrate, malate and oxalate have been implicated in a range of processes including differential metal tolerance, metal transport through xylem and vacuolar metal sequestration (Rauser 1995) . Glutathione and free amino acids are known to induce heavy metal tolerance by antioxidant action and metal chelating activity respectively (Rauser 1999) . In Z. mays plants, the relative production of different organic acids was found to vary with external aluminium ion concentration, suggesting that the metal concentration is important for organic acid production (Pintro et al. 1997) . In manganese tolerant Cultivars of T. aestivum the production of malic, citric or aconitic acid did not increase whereas the concentration of the organic acids slightly increased in the sensitive cultivars (Bruke et al. 1990) . A 36-fold increase was reported in the histidine content of the xylem sap on exposure to nickel in the Ni-hyperaccumulating plant Alyssum lesbiacum (Krämer et al. 1996) . In addition, supplying histidine to a non-accumulating species greatly increased both its nickel tolerance and the capacity for nickel ion transport to shoots.
Conclusion
This review has focused upon the mechanisms by which heavy metal stress cause damage to the plants. The other half of this review includes the strategies by which cells defend themselves against heavy metal stress. Study of the alterations in the activities of key enzymes, isoenzyme profiles of individual enzymes and concentrations of various metabolites due to heavy metal toxicity could serve as useful diagnostic marker to identify heavy metals induced injuries in plants in areas subjected to pollution stress. To understand the mechanism by which plants perceive environmental signals and transmit these signals to cellular machinery to activate adaptive response is of fundamental importance to biology. It will be of great help in selection of heavy metals tolerant plants which could be grown in agricultural fields containing high levels of heavy metals. Metal toxicity issues in plants are a significant problem throughout the world. The understanding of the relationships between bioavailable metal ion fractions in the soil and plant response to the metals can help us to make decisions regarding metal toxicity limits in plants.
Metal toxicities in plant are often not clearly identifiable entities; instead, they may be the results of complex interactions of the major toxic ions in question with other essential or non-essential ions and with other environmental factors. Based on the study specific land areas can be identified containing high levels of heavy metals which could leads to adverse effects in growing plants. The results will be of great help in generation and selection of heavy metals tolerant plants which could be grown in agricultural fields containing high levels of heavy metals.
